An experiment to evaluate the inherent spatial averaging of the underwater acoustic signal from rainfall was conducted in the winter of 2004 in the Ionian Sea southeast of the coast of Greece. A mooring with four passive aquatic listeners (PALs) at 60, 200, 100, and 2000 m was deployed at 36.85ºN, 21.52ºE, 17 km west of a dual-polarization X-band coastal radar (XPOL) at Methoni, Greece. A dense rain gauge network was set up in Finikounda, 10 km east from Methoni to calibrate the radar. Eight rain events were recorded during the deployment; six of these events were recorded by both the PALs and the XPOL radar.
The acoustic signal is similar at all depths and rainfall was detected at all depths, although the deeper PALs suffered an unexpected sensitivity loss and consequently did not trigger into high sampling mode as often as the shallower PALs. The total accumulation reported is lower for the deeper PALs. The acoustic signal is classified into wind, rain, shipping, and whale categories. The shipping signal increased throughout the deployment. A signal from whales is present roughly 2% of the time, most often at 200 m, and is consistent with the clicking of deep-diving beaked whales, although there was no visual confirmation of whale presence.
Acoustic co-detection of rainfall with the radar demonstrates the need to classify the rainfall signal in the presence of other underwater noises. Once detection is made, the correlation between acoustic and radar rainfall rates is high. Spatial averaging of the radar rainfall rates in concentric circles over the mooring shows highest correlations with increasing acoustic recording depth, verifying the larger inherent spatial averaging of the rainfall signal with recording depth. For the PAL at 2000 m, the maximum correlation was at 3-4 km, suggesting a listening area for the acoustic rainfall measurement of roughly πr 2 = 30 -50 km 2 , in contrast to less than 3 km 2 for the acoustic measurement at 60 m depth.
Introduction
The ambient sound field in the ocean contains a lot of information about the physical, biological, and anthropogenic processes in the ocean. Interpretation of the ambient sound field can be used to quantify these processes. In particular, rainfall on the sea surface generates a loud and distinctive sound underwater that can be used to detect and quantitatively measure rain at sea (Ma and Nystuen, 2005) . Furthermore, different raindrop sizes produce distinctive sound underwater, allowing for the inversion of the sound to measurement drop size distribution within the rain (Nystuen, 2001; Nystuen, 2005) . This allows the potential for rainfall classification at sea using sound (Nystuen and Amitai, 2003) .
One interesting feature of the acoustical measurement is that the listening area for a hydrophone, its effective 'catchment basin', is proportional to its depth, and yet the signal should be independent of depth if the sound source is uniformly distributed on the sea surface. Thus, the acoustical measurement of rainfall has an inherent spatial averaging that can be compared to the beam filling assumption of radar or satellite measurements of rainfall. By making sound measurements at different depths (60, 200, 1000, and 2000 m) and comparing those measurements to simultaneous high-resolution XPOL radar observations, the spatial averaging of the acoustic signal can be explored.
Experimental setup
In the winter of 2004, an experiment was carried out in the Ionian Sea off the southwestern coast of Greece (Fig. 1 ). This location offers extremely deep water (over 3 km deep) within the coverage area of coastal radar. The mooring configuration is shown in Fig. 2 . Four acoustic sensors were deployed at 60, 200, 1000, and 2000 m depths on a single mooring. The coastal radar was a mobile high-resolution dual-polarization X-band radar (XPOL). The radar was located at Methoni ( Fig. 1) , 17 km east of the mooring. A dense rain gauge network and a 2-D video disdrometer were deployed at Finikounda, 10 km east of the radar, but in the opposite direction from the mooring. The acoustical measurements and rain gauge network measurements were continuous from mid-January to midApril, however the radar needed to have an operator present and so its temporal coverage was not continuous. Six precipitation events were captured by all three systems. Table 1 lists the rainfall events that were detected and recorded during the experiment. It also gives the rainfall accumulation totals for each system.
Ocean currents will bend the mooring, causing horizontal displacement of the acoustic sensors. In order to determine this potential displacement, a pressure sensor was placed on the mooring 2 m below the shallowest acoustic recorder. During most of the experiment the mooring line can be assumed to be vertical, but there are a few episodes when the top of the mooring dips and horizontal displacement is assumed to be present. The maximum vertical excursion is 5 m on 5 February, giving the maximum horizontal displacement of the shallowest acoustic recorder as 170 m. The displacements of the deeper recorders will be less. The spatial resolution of the radar (single pixel) is 150 m at the range of the mooring (17 km) and so the mooring can be assumed to be within a single radar range cell throughout the experiment
The temperature and salinity structure of the ocean affect the sound speed profile, which in turn, will cause a refraction of sound. The temperature, salinity, and sound speed structure of the upper 500 m at the mooring site were measured during the deployment (14 January) and recovery (14 April) of the mooring. The water is well mixed to 50 m. There is a layer of warmer and slightly fresher water that is about 130 m thick in January and about 50 m thick in April. This produces a weak sound channel centered at about 150 m deep in January and at about 70 m in April. The sound speed variations associated with these temperatures and salinity structures are potentially important for low-frequency (< 2 kHz) sound traveling at near horizontal grazing angles, but for higher frequency (> 5 kHz) sound produced at the sea surface (vertical dipole) the refraction of the sound is small and spherical spreading will be assumed.
A sound source at a free surface is an acoustic dipole. Thus the sound intensity recorded at an omnidirectional hydrophone is given by
where I is the sound intensity measured at the hydrophone, I o is the sound intensity at the surface, cos 2 θ is the directional radiation pattern for a surface source (vertically oriented dipole), and atten(p) is the attenuation along the acoustic path p. The integral is taken over the surface area A. The attenuation is due to geometric spreading, scattering, and absorption. Scattering is assumed to be negligible. Geometric spreading is affected by the sound speed profile of the ocean. Thus, the attenuation from a surface source to an acoustic recorder is given by
where
, r is the horizontal range to the sound source, h is the depth of the recorder, and α = α(f, S, T) is the absorption of sound in seawater and is a function of frequency, salinity, and temperature (Medwin and Clay, 1998, p. 109) . If one makes the assumption that I 0 is uniform over the sea surface, then Eq. (1) can be used to estimate the effective listening area for each sensor. Figure 3 shows the fraction of the total energy received as a function of frequency for sensors at 60, 200, 1000, and 2000 m depths. If the listening radius for a sensor is defined as the area receiving 90% of the sound, then the listening radii for the sensors at 2 kHz are 172, 620, 2800, and 5000 m, respectively, roughly three times the depth of the sensor. At 20 kHz the radii are 165, 550, 2000, and 3400 m, respectively. The principal rainfall signal is at 5 kHz. At 5 kHz the radii are 170, 610, 2735, and 4800 m, respectively. Figure 3 also shows the weighting function of the listening radius for a uniform surface source. Within the defined listening area most of the energy is arriving from a much smaller area centered over the mooring. For example, at 5 kHz, 50% of the energy is arriving from the surface area with radii 58, 200, 970, and 1860 m, respectively, which is roughly the depth of the sensor. 
Data collected

Acoustic data
The acoustic data were collected on four Passive Aquatic Listeners (PALs). PALs consist of a low-noise wideband hydrophone (Hi-Tech-92WB), signal preamplifiers, and a recording computer (Tattletale-8). The nominal sensitivity of these instruments is -160 dB relative to 1 V/µPa with an instrument noise equal to an equivalent oceanic background noise level of about 28 dB relative to 1 µPa 2 Hz -1 . Band-pass filters are present to reduce saturation from low-frequency sound (high pass at 300 Hz) and aliasing from above 50 kHz (low pass at 40 kHz). The hydrophone sensitivity also rolls off above its resonance frequency, about 40 kHz. A further sensitivity correction due to the depth of deployment is also present.
A data collection sequence takes about 15 s and consists of four 10.24-ms time series each separated by 5 s. Each of these time series is fast Fourier transformed (FFT) to obtain a 512-point (0-50 kHz) power spectrum. These four spectra are spectrally compressed to 64 frequency bins, with frequency resolution of 200 Hz from 100 to 3000 Hz and 1 kHz from 3 to 50 kHz. Geophysically generated sounds from rain, drizzle, or wind are generally stationary over a 15-s time interval, whereas banging from ships or moorings, or chirps, whistles or clicks from biological sources are sound signals that usually are non-stationary over a 15-s time interval. Thus, a preliminary evaluation of the sound source is performed by comparing the four spectra from a single data collection sequence. A non-stationary signal is rejected as noise, and another data collection sequence is collected. Otherwise, the four spectra are averaged into a single spectrum that is stored to memory for later analysis. This average spectrum is evaluated to determine the acoustic source (rain, wind, or drizzle) and the source identification is used to set the time interval to the next data collection sequence. For example, if rain is detected, the time interval to the next data collection sequence is set to 30 s, whereas if 'wind' is detected, the time interval to the next data collection sequence is set to 5 min. This allows the PAL to conserve energy between data collection sequences, but maximizes the sampling interval during periods of rainfall.
There is a residual frequency dependent instrument sensitivity that needs to be removed from the data. This is accomplished by assuming that the signal from wind generated wave breaking is a signal with a uniform spectral slope from 1 to 40 kHz (Ma and Nystuen, 2005) . At low wind speeds the recorded signal includes a component from the ambient background and from instrument noise. At high wind speeds, there is a change to the spectral shape of the wind signal due to attenuation of the signal from ambient bubbles in the water. But at moderate wind speeds (4-8 m/s), the sound signal is well above the background noise and has a uniform spectral slope between 1 and 40 kHz. The difference between the observed spectral shape and a uniform spectral slope is assumed to be the frequency dependent sensitivity correction for the PAL. This procedure might remove a real small scale feature of the wind generated sound signal, but such a feature should not be present in the sound signal from a different sound source, such as rain, drizzle, or ships. Thus, the correction procedure is confirmed by examining the data from other sound sources, such as rain, drizzle, or ships, and observing that the spectral features of the sensitivity correction (usually smaller than 1 dB) have been removed.
An unexpected depth dependent sensitivity change was observed, and confirmed by post-experiment testing. Again assuming a uniform sound source at the surface, Eq. (1) predicts a uniform signal with depth, except for the influence of absorption. The absorption of sound in the ocean is known (Medwin and Clay, 1998, p. 109 ) and can be calculated as a function of frequency and depth. Again choosing a sound condition when the signal to noise ratio is high and a uniform surface sound source is expected, for example when the wind speed is 8 m/s, this depth dependent sensitivity change can be detected. Figure 4 shows the mean sound spectra at 8 m/s for each instrument. After adjusting for absorption, a depth dependent offset remains. Between 2 and 10 kHz, this offset is 0.5, 3, and 6 dB for the PALs at 200, 1000, and 2000 m depth, respectively. There are two consequences for these offsets. Quantitative acoustic measurements of wind speed and rainfall rate depend on the absolute sound intensity at 8 kHz (Vagle et al., 1990) and at 5 kHz (Ma and Nystuen, 2005) . Secondly, the automatic triggering algorithm for a higher sampling rate was dependent on the absolute sound level, and thus did not trigger as often for the two deeper PALs. Thus, the time step of the acoustic sampling for the two deeper PALs often remains at 5 min (the default), rather than switching to 30 s (the maximum). Fortunately, the signal to noise ratio during rainfall is very high and all instruments usually switched into the high sampling rate during part of each event.
Radar data
The radar data were collected from the National Observatory of Athens (NOA) high-resolution mobile Doppler dual-polarized X-band (XPOL) radar. It is a lowpower (~ 25 kW rms power) radar with selectable pulse and simultaneous transmission of signal at horizontal and vertical polarization. The antenna is mounted on the back of a truck with 8 ft radius and has a 0.95º (3 dB) beam width. During each storm event the radar was in the Planar Position Indicator (PPI) scan mode at low elevation (~2º) above the horizon. The pulse repetition frequency was 1000 Hz with 150 m gate length (range resolution) and 400 gates to give a total range of 60 km. Thus, the nominal backscattering volume at the range of the mooring is 150 m range by 300 m azimuth at an elevation of roughly 500 m above the ocean surface. The scanning rate was less than one minute. The radar was manually operated during storm events, and did not provide continuous temporal coverage. Parts of storm events were missed, but several storms had long periods (several hours) of continuous coverage.
Ground validation network
XPOL validation is based on the dense network of rain gauges (typical tipping bucket) and a 2D-video disdrometer (2DVD) deployed within a 1-km 2 area and roughly 10 km away from XPOL (see Fig. 1 ). The gauge network consists of six dual-gauge clusters and a site consisting of three gauges and the 2DVD. Summary of the measured events is presented in Table 1 . These data are used to correct the radar rainfall rate estimate for bias during each rain event.
Methoni weather station
There is a weather station at Methoni that reports wind speed and direction hourly, and rainfall amounts. These data are available during local working hours (0500-1800 LT). This location is 17 km east of the mooring site. There was a bias associated with wind direction when compared to the acoustic wind speed measurements at the mooring. When the winds were from the east, the Methoni wind speeds were consistently lower than the acoustic wind speed measurements at the mooring location (17 km west). When the winds were from the west or northwest, the Methoni wind measurements were closer to the acoustic wind speed measurements (Fig. 5 ). Acoustic wind speed measurements are typically ±0.5 m/s when compared to co-located surface-mounted anemometers (Vagle et al., 1990; Nystuen et al., 2000; Nystuen, 2007) , and thus this discrepancy is likely to have an orographic explanation. 
Acoustic data analysis
Ambient sound in the ocean is a combination of natural and anthropogenic sounds. Various physical processes including wind, rain, and drizzle are primary sound sources in the frequency range from a few hundred Hertz to 50 kHz. These are sound sources at the sea surface. The microphysics of the sound generation are resonating bubbles created during the splashing of wind waves or raindrop splashes (Medwin and Beaky, 1989; Medwin et al., 1992; Nystuen, 2001) . These bubbles are very near the free surface of the ocean, and consequently are assumed to behave as vertically oriented acoustic dipole sources. Human generated sounds include ships and sonars, and different marine animals, especially cetaceans, produce sound underwater in this same frequency band. These human and biological sources should be considered point sources, which may or may not be near the ocean surface depending on frequency, and thus the acoustic directivity of source should not be assumed. An underwater acoustic recorder will hear all of these sounds. Acoustic monitoring requires that the sound be recorded, the source identified and then quantified. Figure 6 shows a typical three-day record of integrated sound level from the Ionian Sea mooring. The signal from each PAL is overlaid on one another, showing that the signal is present at all recording depths (60 -2000 m), and is very similar at each depth. The general character of ocean ambient sound is a slowly varying background interrupted by shorter time scale sound events. The slowly varying background sound level can be interpreted as wind speed (Vagle et al., 1990) . This interpretation is shown in Fig. 7 . Short loud events are mostly ship passages. Longer duration events include rainstorms, including one at 21.8-21.95.
Different sound sources are identified by their spectral characteristics. Features of sound source spectra that can be used to identify the source include spectral levels at various frequencies, ratios of these levels, spectral slopes, and the temporal persistence of the sound source. The data were examined to find times when the sound source could be confidently assumed. Long periods (hours) of steady uniform sound were assumed to be periods of constant wind. Short loud events consistent with typical ship spectra (very loud at low frequency) during non-rainy periods were assumed to be ships. Distinctive rain and drizzle spectra were identified and confirmed with radar. These "typical" sound sources were used to build an acoustic classification algorithm that can be used to objectively identify the sound source in remaining data. The goal is to reliably detect the sound source so that subsequent analysis is not 'contaminated' by sound generated by the source. Figure 8 shows the relationship between 8 kHz and 20 kHz for these 'test case' sound sources. This comparison of sound levels at two frequencies is particularly illustrative for demonstrating the ability to use ambient sound to identify the sound sources. Note that there is an ambiguity for the sound source 'wind = 12 m/s' and 'ships'. Other features of the sound field are needed to separate these two sources. For example, periods of high wind are usually of long durations (hours), while ships pass the mooring in minutes. And there may be other spectral measures that are diagnostic. Other useful measures are the sound levels at 2 kHz, the ratio of sound levels from 1 to 2 kHz, the slope of the spectrum from 2 to 8 kHz, the slope of the spectrum from 8 to 15 kHz, and the sound level at 20 kHz.
These relationships change as a function of depth because of absorption (Fig. 9 ).
Since the relationships are used to identify the sound sources, a correction for absorption needs to be applied. Figure 10 shows the scatter diagrams as a function of depth after this correction. For uniform surface sound sources, such as wind, the loci are now independent of depth. For non-uniform sound sources, such as a ship, relatively less low-frequency sound is present at depth, and the position of the non-uniform changes. The classification of loud ships at depth is more difficult as their spectra begins to sound like heavy rainfall.
A sound budget for a location describes the sound levels, sound sources, which sound source is dominant, and the relative loudness of the sources. Different distinctive sound sources are objectively detected based on the spectral and temporal characteristics for that sound source. Exact identity of all sounds in the ocean will never be achieved, however several categories of sounds can be identified. Distinctive spectra for rain (Nystuen, 2001 ) and wind (Vagle et al., 1990) have been described. Different marine animals produce distinctive sounds and can be identified acoustically. Ships and other human sounds are often distinctive, and quite variable.
In the Ionian Sea, objective analysis for five distinctive sounds was attempted: wind, rain, drizzle, shipping, and a 30-kHz clicking that is consistent with the echo location click of cetaceans. The median sound spectrum for each of these sound categories is shown in Fig. 11 for two different listening depths. Note that the signal from shipping is relatively weaker at 1000 m than at 60 m. This may be due to a weaker signal from a point source (ship) than from a uniform surface source (wind or rain). The 30-kHz click signal is actually of similar strength at each depth, suggesting that this source is local, e.g., a whale echo-locating at depth near the PAL. After applying an objective classification code to the data from each listening depth, the sound source can be identified. An example from 3
March is shown in Fig. 12 . Once the sound source is identified, different statistics relating to each sound source can be quantified. Table 2 quantifies the percentage of time that each sound source is dominant for four 20-day periods during the deployment. Rainfall is present roughly 6% of the time during the first 20-day period and then is detected 4% of the time during the rest of the experiment. There are also some depth dependent trends. The highest rate for rainfall detection is from the PAL at 200 m, and the lowest is at 2000 m. This may be due to the threshold triggering problem encountered at the deep PALs or because the high-frequency component of the rainfall signal has been attenuated by absorption.
A trend of increasing shipping is evident: from roughly 11% in late January/early February (days 20-40) to nearly 30% of the time in late March/ early April (days 80-100). The shallowest PAL has the highest rate of shipping detection. The shipping signal is dominant at low frequency and distant propagation in the weak sound channel near the surface may allow the shallow PAL to detect 'distant shipping' more often than the deep hydrophones. The distant shipping detection often occurs during very calm ocean surface conditions. These conditions increased in duration as the experiment progressed and thus the trend of increasing shipping may reflect an increase in calm ocean conditions as winter changes to summer.
An interesting signal that is present in the data are 30-kHz clicks. The spectral shape of the clicks is shown in Fig. 11 and is consistent with the clicking from beaked whales (Johnson et al., 2004) . Beaked whales are a type of cetacean that are difficult to observe visually as they are pelagic and spend a majority of time underwater. It is also a whale type that is sensitive to human noise (Cox et al., 2006) . Different cetaceans also echo-locate, but generally at different frequencies, allowing potential identification of the whale type based on the character of the click.
Another clue that these clicks may be from beaked whales is the time and depth pattern of the clicking. Figure 13 shows the time and depth pattern of clicking observed at the mooring. The depth with the greatest number of clicks detected was 200 m. Johnson et al. (2004) report that tagged beaked whales began clicking at 200 m depth and dove to a maximum depth of 1267 m. In this situation, clicks are detected at 1000 m regularly, and occasionally at 2000 m. The signal strength is independent of depth, suggesting that the whale is at depth. But clicks are detected at 60 m, which is above the 200 m depth documented by Johnson et al. (2004) . However, the PALs are listening for a signal; they are not physically on the whale. 
Validation of rainfall detection
Validation of acoustic rainfall detection using the radar was available for six rain events: 12 February and 3, 4, 8, 9, and 12 March. The radar was not operating on 21 and 22 January and 1 April. The 12 February event was a complicated frontal weather system within imbedded rain cells and lulls, periods of low winds, high winds, and a few ship passages. On 3 and 4 March were widespread light rain events with low winds (< 5 m/s). March 8 was a day with high winds (~ 10 m/s) and included an isolated squall line. March 9 and 12 were both relatively long, continuous rain events in moderate (5-10 m/s) wind conditions. Radar coverage was not complete on 12 February and 3 and 8 March.
Case Study -12 February 2004
On 12 February 2004 a frontal system passed over the mooring. This was a complicated system consisting of several rain cells and lulls. The acoustic record of the day contains a wide variety of signals, including distant shipping, a close ship passage, some loud noises, and the sound of high wind conditions. An acoustic overview of the day is shown in Fig. 14, with the periods when different acoustic signals were recorded labeled and described in Table 3 . The XPOL radar data are also shown on this figure with three different thresholds: over 1 mm/hr, over 2 mm/hr, and over 5 mm/hr. The radar was not turned on until Min 240, missing the initial rain events (periods B and D). Period E shows the strongest radar rainfall, with light rain detected in Period H. Period I is apparently a strong but brief rain cell. The radar was turned off at Min 1080, after the passage of the weather front.
Sound spectra for each time period are shown in Fig. 15 , and the classification diagrams are shown in Fig. 16 . The start of the day (Period A) shows the typical spectra of the sound category 'distant shipping'. In this situation propagation conditions are excellent and distant low-frequency (under 2 kHz) sound is detected, but the sound levels at high frequency (over 20 kHz) are very low, suggesting that the high-frequency sound from the distant source has been absorbed. The ocean surface is very flat (no wind waves), allowing good reflectivity for order decimeter wavelength sound waves from the surface. This signal ends as the first light rainfall occurs (Period B), likely ruffling the surface and reducing long range propagation of the low-frequency sound. Note that the sound levels below 10 kHz actually drop between Periods A and B, although there is likely more local sound being generated in Period B. At high frequency the sound levels in Period B are elevated by bubbles from small raindrop splashes. A ship passes at Min 180 (Event C), producing a 'typical' ship spectrum with very high sound levels below 2 kHz, and a consequently relatively steep spectral slope between 5 and 15 kHz. In contrast, rainfall produces a relatively flat spectral slope between 5 and 15 kHz.
The first strong rain cell occurs in Period D. This cell is detected by all four PALs and has high sound levels at all frequencies, but especially between 2 and 20 kHz where larger raindrops produce sound from their splashes. This signal often obscures the 13-25-kHz signal from small raindrops, as is apparently the case in this example. In contrast, Period E is a longer, more continuous rain, with a few stronger rain cells imbedded in a non-homongeneous rain field. The XPOL weather radar was turned on at Min 240, was offline from 265-285 and then on again after Min 285, verifying rainfall over the mooring. Period E will be described in more detail below. Within Period E, a loud sound was detected at Min 373. This spectrum is shown in Fig. 15 , and the classification points in Fig.  16 put it into the category of 'a close ship passage', however the peak in this spectrum at 4 kHz is not a 'typical' ship signature. Sometimes ship engines 'howl', and this may be the case here. There is no strong radar echo at Min 373, and so it is not rainfall.
Period G is an interlude between rain events. The winds are low, under 5 m/s, and rise gradually during this period. A typical wind spectrum is recorded by all four PALs, and no rain conditions are verified by the radar. The radar reports light rainfall during Period H. During this time period there is partial acoustic detection of rainfall (see Fig. 16 ) with relatively high sound levels at lower frequencies, suggesting that the wind speed is relatively high (~8-10 m/s). At Min 800, the wind speed increases to over 10 m/s and becomes steady for many hours. The Methoni weather station reported sustained winds over 15 m/s. The sound levels above 20 kHz actually drop, and are relatively lower than the sound levels when the wind speed is less (Period G). This is due to ambient bubble clouds below the ocean surface from breaking waves. These small bubbles are absorbing the high-frequency sound being produced at the ocean surface by newly breaking waves, and thus distort the spectral sound signature of those waves.
[Wind speed is measured using the sound level at 8 kHz (Vagle et al., 1990) to avoid this distortion of the signal from absorption. Bubbles that absorb sound at 8 kHz are large enough that they rise to the surface quickly.]
The longest sustained rain event (Period E) is examined in more detail in Figs. 17 and 18. Figure 17 shows the acoustic detection and classification for all four PALs, at depths 60, 200, 1000 and 2000 m, while Fig. 18 shows the time series of the sound levels with the classifications of rain and shipping shown. The acoustic rainfall signals are overlaid on one another and show that the rainfall signal is similar at all depths. Distinct periods during this period are again labeled (1-20), plus there is a ship detection between Periods 10 and 11 that will be referred to as Event A. The radar data is shown at +200 m (an arbitrary height) for a rainfall rate threshold above 1 mm/hr. The radar was not operational before Min 240, missing the initial strong rain, labeled Periods 1-5 in Fig. 17 . The radar was also "off line" during Period 7. Table 4 presents the acoustic and radar interpretation for each identified period. The strongest radar reflectivities are at Periods 9 and 12. Light rain is detected by the radar at Periods 6, 17, and 19. The mean spectrum for the lulls (Periods 1, 5, 13, 16, 17, and 18 ) is the typical spectrum for 6-m/s wind conditions, suggesting that the background wind is about 6 m/s. The Methoni weather station reports 4 m/s during this part of the day. The acoustic wind measurement is 4 m/s at Period 20. The two ship detections are verified by the absence of radar rainfall detection at Min 343 and at Min 373. There was rain detected at Mins 375-380, however the acoustic signal at Min 373 (Signal F in Fig. 15 ) is very loud and would require a rainfall rate over 100 mm/hr if it were classified as rain. Note that the ship at Min 343 is not well detected at depth (Fig.  17) . In fact, it is not detected by the deepest PAL. The signal from a ship is a point source, in contrast to a wide-spread surface source from rain, and is relatively weaker at depth. The ship detection at Min 343 may be a more distant ship, with sound propagating near the surface. The 'loud sound' at Mins 373-375 (Signal F in Fig. 15 ; Period 14) is detected by all of the PALs and is presumably a ship passing very close to the mooring.
Once classification is established, a comparison of rainfall rates is possible. Fig.  19 shows the comparison of the shallow PALs, at 60 and 200 m, with the XPOL radar rainfall rates averaged over a 0.75-km (5 cells) radius circle above the mooring location. Two radar rainfall estimates are presented: one is based on a Z/R relationship for reflectivity to rainfall rate and the second on a ZdR relationship that uses the differential polormetric reflectivity to account for drop distribution variations in the rain. The strong rain cell (PALs) at Min 325 is Period 9 in Fig. 17 and the strong rain cell at Min 355 is Period 12. The correlation coefficients when the radar is operating and the acoustic data are good (no ship contamination present) are roughly 0.8.
Case study: Light rain in light wind conditions -3 and 4 March
Light wind conditions are ideal for the sound production mechanism for small raindrops (1 mm diameter) (Nystuen, 2001 ) and that sound is surprisingly loud. This drop size is present in most light rain (< 1 mm/hr) and consequently drizzle is easily detected acoustically during light wind conditions. The co-detection of light rainfall on 3 and 4 March was high, even during intermittent periods of light rain. Fig. 20 shows the comparison of rainfall rates, quantified after detection, for 3 March. Note that the radar was not operational before Min 432 and thus missed the rain cell at Min 420. The radar rainfall rates were low, and yet all of the times that the radar reported rain are confirmed by acoustic detection.
Case study: Moderate rain in moderate wind conditions -9 and 12 March
Both of these events had long periods of rainfall with co-detection by both the radar and the PALs (Fig. 21) . On 9 March, shipping contamination is detected from Mins 725-750 at the shallow PALs and these data are discarded from further analysis. This shipping contamination was not well detected at depth (the PALs at 1000 and 2000 m) suggesting that the noise source is an isolated point source, i.e., a ship that is 'averaged out' when heard from a distance. On 12 March the rainfall starts as a relatively strong rain (6 mm/hr) ( Fig. 22 ) and then tapers off after Min 910. This is evident in the classification diagrams for 12 March (Fig.  23) . The wind speed is relatively high during this event, with acoustic wind speed measurements of ~10 m/s before the start of the event and 8 m/s at the Methoni weather station (17 km to the east). Methoni reports a drop in the wind speed to 6 m/s during the rain; no acoustic wind speed estimates are available during the rain. The PAL rainfall rates have been divided by a factor of two in Fig. 22 , suggesting that the quantitative rain signal has been affected by the high wind. On the other hand, detection of rainfall remains excellent (Fig. 23) .
Case study: Squall line on 8 March
Perhaps the most serendipitous rain event was an isolated squall line that passed over the mooring on 8 March. The radar scan for this event is shown in Fig. 24 shortly after the passage of the squall line at the mooring location. Based on the echo-location position of the squall from consecutive radar scans, the local wind speed is 7 m/s. The acoustic wind measurement at the beginning of the squall is 9 m/s, in agreement with the wind measurement at the Methoni weather station. A comparison of rainfall rates is shown in Fig. 25 . One comparison of rainfall rates is from the shallow PALs (60 and 200 m) and the XPOL ZdR rainfall rate averaged over a 0.75-km radius circle (5 cells) over the mooring. This shows that the rain cell is short (2-3 min) and intense (60-90 mm/hr). The second comparison is from the deeper PALs (1000 and 2000 m) and the XPOL ZdR rainfall rate averaged over a 4.5-km radius circle (30 cells) over the mooring. The rain cell detection is longer, of order 10 minutes, and less intense (15-40 mm/hr). This is consistent with spatial averaging of an intense small rain cell over a larger area and is evidence of a larger listening area for the deeper hydrophones.
A curious feature of this rain event is a 'moment of silence' at Min 909 (Fig. 26) . Fig. 26 shows the sound levels at 5 kHz during the passage of the squall line. The PALs are totally independent of one another, and so this is a real feature. Note that the sound level at 200 m is actually quieter than the sound levels before or after the squall line. This suggests that the sound production mechanism for wind (breaking waves) has been disrupted by the intense rain. It is widely reported, but undocumented, that 'rain calms the seas'. This is acoustical evidence that this is true. The radar reports no echo return at Min 909 (Fig. 25 ) in the cell directly over the mooring, and the radar scan at Min 915 (Fig. 24) shows an abrupt end to the backside of the squall. Note, however, that severe attenuation of the radar signal through the rain cell may also cause 'no echo' return from the radar. The acoustical evidence suggests that this is not the case here. 
Spatial averaging of the rainfall signal
Three examples of coincident observations of relatively continuous rainfall are used to investigate the spatial averaging of the acoustic rainfall signal (12 February and 8 and 12 March). The rainfall rates from the PALs are compared to averaged rainfall rates from the radar for different averaging radii in a circle centered over the mooring location. The results are shown in Fig. 27 . The clearest result is for the squall line on 8 March. This event had a much smaller spatial and temporal scale than the other two examples. The averaging radii producing the highest correlation between the radar and the PALs increase from 450, 750, 1500, and 3000 m for the measurements at 60, 200, 1000, and 2000 m, respectively. The prediction assuming a uniform weighting of the acoustic signal within the listening area from Fig. 3 was 170, 610, 2735 and 4800 m, respectively. Thus, the signal from the shallowest hydrophone is most highly correlated to the radar rainfall measurement averaged over a larger listening area than expected, and the deeper hydrophones to smaller areas than expected.
It was noted that the weighting of the acoustic signal is not uniform, but is weighted towards the center of the listening area, thus reducing the expected listening area for the hydrophones. When the other two examples are considered, the averaging radii producing the highest correlation for the PAL at 2000 m remains between 3 and 4 km. This suggests an effective listening area of about πr 2 = 30-50 km 2 . In contrast, the averaging radii producing the highest correlation for the PAL at 60 m goes from 450 m for the squall line on 8 March to 1 and 2 km, respectively, for the rain events on 12 February and 12 March. These events were more widespread with longer spatial and temporal time scales, suggesting that physical scale of the rain itself may be responsible for this result. Nevertheless, the trend is as expected. The deeper acoustic measurements have higher correlations to the radar rainfall averaged over larger apparent listening areas. The intermediate PALs at 200 and 1000 m show intermediate results. 
Conclusions
High-frequency (1-50 kHz) acoustic measurements of the marine environment at four depths (60, 200, 1000, and 2000 m) are used to describe the physical, biological, and anthropogenic processes present at a deep water mooring site near Methoni, Greece from mid-January to mid-April in 2004. The acoustic signal is classified into five categories: wind, rain, drizzle, shipping, and a 30-kHz clicking that is consistent with deep-diving beaked whales. The background acoustic signal is from breaking wind waves, and is nearly identical at all listening depths. This signal is clean, that is, not contaminated by other sound sources, 70-80% of the time and can be used to quantitatively measure wind speed (Vagle et al., 1990) . The accuracy of this measurement is often ± 0.5 m/s (Nystuen et al., 1998; Ma and Nystuen, 2005; Nystuen, 2007) , however comparisons with the Methoni weather station 17 km to the east show a systematic bias when the winds are from the east or southeast (Fig. 5 ) during this experiment.
The mooring location is near an ocean shipping lane and consequently frequent close passages of ships were detected acoustically. These events are usually loud at all frequencies (1-50 kHz) and brief (a few minutes) with relatively high lowfrequency sound levels allowing their detection and classification at all hydrophone depths. Another category of shipping noise is 'distant shipping'. Very calm ocean surface conditions allow the propagation of distant shipping sound near the ocean surface, especially at lower frequencies (< 2 kHz) where the shipping signal is often relatively loud and sound absorption by seawater is relatively low. In contrast, higher frequency sound (>10 kHz) is absorbed and does not propagate long distances (tens of kilometers). These conditions were more prevalent in the later periods of the experiment and the level of 'shipping' acoustically detected increased significantly from 12% of the time in the first part of the experiment to over 25% of the time at the end (Table 2 ). This increase was most pronounced at the shallowest hydrophone at 60 m depth. This depth was within a weak surface sound channel that might be enhanced during very calm ocean surface conditions.
Another distinctive sound that was detected is a 30-kHz spectral peak that is consistent with the echo-location click of beaked whales (Johnson et al., 2004) . This type of whale is pelagic (found only in deep water locations) and is difficult to detect visually as they spend most of the time diving underwater. This signal was present 1-2% of the time and was most often detected by the hydrophone at 200 m depth. This is the depth that Johnson et al. report that beaked whales begin clicking during deep dives. These whales are known to dive to depths below 1000 m and thus detections of this signal at 1000 m, and even occasionally at 2000 m, are consistent with beaked whales. There were no visual observations of whales during the experiment.
The main focus of the experiment was the detection of precipitation in deep water at different depths. In order to validate these detections, a dual-polarization, high resolution, X-band, coastal weather radar (XPOL radar) was located at Methoni, 17 km to the east of the mooring. Eight significant rain events were acoustically detected during the experiment (Table 1) . Six of these events had partial or full radar coverage. All were confirmed by the weather station at Methoni, and all rain events recorded at Methoni during the experiment were detected acoustically. The radar data were used to verify the acoustic classification of rainfall, and the acoustic detection of imbedded shipping noise within a rain event (e.g., Fig. 18 ). Three simultaneous records of radar and acoustic rainfall measurements were compared to investigate averaging of the acoustic rainfall signal as a function of listening depth. These comparisons show an increase in effective listening area with increasing listening depth. The averaging radius for the radar data that resulted in the highest correlation with the rainfall measurement for the shallowest hydrophone (at 60 m) was between 450 m and 2 km, suggesting a listening area for the shallowest hydrophone of 1-12 km 2 . This is larger than expected (Fig. 3) . In contrast, the averaging radius for the deepest hydrophone (at 2000 m) was 3-4 km, suggesting a listening area of 30-50 km 2 , less than expected (Fig. 3) . This result was clearest for the rain event on 8 March, an intense isolated squall line that passed over the mooring very rapidly (2-3 min with rainfall rates over 50 mm/hr). An interesting acoustical feature of this event was a 'moment of silence' just after the passage of the squall. All of the hydrophones recorded a brief drop in sound level, including a drop to a level below the prevailing background sound before or after the squall at 200 m. This suggests that the background sound production mechanism (breaking waves from wind) had been suppressed by the intense rain, acoustical evidence of 'rain calms the seas'. There was no radar echo return at the 'moment of silence'.
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